Cortical granules are secretory vesicles of the egg that play a fundamental role in preventing polyspermy at fertilization. In the sea urchin egg, they localize directly beneath the plasma membrane forming a compact monolayer and, upon fertilization, undergo a Ca 2þ -dependent exocytosis. Cortical granules form during early oogenesis and, during maturation, translocate from the cytosol to the oocyte cortex in a microfilament-mediated process. We tested the hypothesis that these cortical granule dynamics were regulated by Rho, a GTPase of the Ras superfamily. We observed that Rho is synthesized early in oogenesis, mainly in a soluble form. At the end of maturation, however, Rho associates with cortical granules. Inhibition of Rho with the C3 transferase from C. botulinum blocks cortical granule translocation and microfilaments undergo a significant disorganization. A similar effect is observed by GGTI-286, a geranylgeranyl transferase inhibitor, suggesting that the association of Rho with the cortical granules is indispensable for its function. In contrast, the anchorage of the cortical granules in the cortex, as well as their fusion at fertilization, are Rho-independent processes. We conclude that Rho association with the cortical granules is a critical regulatory step in their translocation to the egg cortex.
Introduction
Cortical granules are secretory vesicles of the egg that play a fundamental role in preventing polyspermy at fertilization (Abbot and Ducibella, 2001 ). In the sea urchin egg, cortical granules are approximately 1 mm in diameter and, in the mature egg, localize directly beneath the plasma membrane forming a compact monolayer. Upon fertilization, these vesicles undergo a Ca 2þ -dependent exocytosis releasing their content into the perivitelline space. Cortical granule contents includes enzymes and structural materials that contribute to remodeling the extracellular matrix and egg cell surface, creating a permanent block to subsequent sperm (for review see Wessel et al., 2001) .
Cortical granules are formed from the Golgi during oogenesis and accumulate in the cytoplasm (Anderson, 1968; Sathananthan et al., 1985) . When oocyte maturation begins, the cortical granules move to the egg cortex and this process is linked to germinal vesicle breakdown (GVBD) (Berg and Wessel, 1997) . The link between GVBD and cortical granule translocation has been observed by the use of different compounds, such as cAMP or roscovitine, which block simultaneously GVBD and cortical granule movement (Wessel et al., 2002) . Cortical granule translocation to the egg cortex is dependent on the actin cytoskeleton since it does not occur in oocytes pretreated with microfilamentpertubing agents such as cytochalasin D and latrunculin (Wessel et al., 2002) . The participation of actin microfilaments in cortical granule translocation has been documented not only in the sea urchin, but also in starfish (Santella et al., 1999) and mouse (Connors et al., 1998) . Although microtubules do not have a direct role in the cortical granule movement it is suggested that they contribute to the proper localization of the vesicles in the subplasmalema (Wessel et al., 2002) .
GTP-binding proteins (G proteins) of the Ras superfamily regulate a large number of cellular functions. This superfamily comprises several subfamilies, including Rab and Rho. Rab proteins are present on organelles and are part of the recognition complex for motor proteins (Deacon and Gelfand, 2001 ). Rab3 associates with cortical granules throughout sea urchin oogenesis and it mediates cortical granule exocytosis at fertilization (Conner and Wessel, 1998) . Rho proteins participate in an array of cellular processes, many of them linked to the actin cytoskeleton (Takai, 2001) . These proteins can be found in the cytosol in the form Rho-GDP complexed with the accessory protein GDI (Ueda et al., 1990) . Rho has a lipid modification at its C-terminus, usually prenylated by a 20-carbon-chain geranylgeranyl group, that is required for its association with membranes (Casey and Seabra, 1996) . Once in the membrane, they become active exchanging GDP for GTP, in a reaction catalyzed by a nucleotide exchange protein (GEF). Members of the Rho subfamily serve as substrates for the ADP-ribosyltransferase activity of the exotoxin C3 from Clostridium botulinum (Just et al., 2001 ) and this modification also impairs their function (Sekine et al., 1989) .
In the mature sea urchin egg, RhoA associates with cortical granules but its function during maturation is unknown (Cuéllar-Mata et al., 2000) . Thus, it is possible that RhoA associates with the cortical granules during maturation and somehow participates in directing their movement from the cytoplasm to the cell cortex. Evidence that Rho may participate in organelle transport has been obtained in fungi; Rho3 controls the transport of vesicles from the mother cell to the bud (Adamo et al., 1999) .
We studied the subcellular localization of Rho during the oocyte maturation and analyzed its role in the cortical granule translocation. We observed that Rho is present early in oogenesis in a non-membrane associated form. When maturation begins, Rho associates with cortical granules and remains in these vesicles even after completion of cortical granule translocation. The C3 exotoxin inihibits cortical granule movement, and affects the organization of the microfilaments. Similar effects are caused by GGTI-286, a highly specific inhibitor of geranylgeranylation of Rho, suggesting that the biological activity of Rho depends on its association with the cortical granules. These results enable mechanistic insight for the massive and rapid organelle rearrangements that occur during oocyte maturation.
Results

Rho is present in early oogenesis and associates with membranes during maturation
Full-sized oocytes displaying the germinal vesicle in the cytoplasm (GV-stage oocytes) and pre-meiotic oocytes were collected separately from an ovary of a single female. To detect the presence of Rho in these two oocyte populations, cell lysates were prepared and then incubated with C3 exotoxin and [ 32 P]NAD. Fig. 1 shows that both premeiotic oocytes and GV-stage oocytes (lanes indicated as H) display a protein of 25 kDa which is [ 32 P]ADP-ribosylated by C3. In small oocytes, Rho is located predominantly in the cytosol (indicated as C), being scarcely detected in Fig. 1 . Early expression of Rho during the oogenesis and its association with membranes at the onset of oocyte maturation. Cellular homogenates (H) incubated with [
32 P]NAD and C3 exotoxin reveals the existence of Rho (25 kDa) in premeiotic oocytes and in GV-stage oocytes. In premeiotic oocytes, Rho localizes largely in the cytosol (C) rather than in membranes (M). In GV-stage oocytes, Rho distributes roughly equally between the cytosol and membranes. In in vitromatured oocytes, significantly more Rho is present in membranes than in pre-meiotic oocytes, and this subcellular distribution pattern is similar to that displayed by in vivo-matured eggs. Phase-contrast pictures show the cell morphology corresponding to premeiotic and GV-stage oocytes as well as to in vitro and in vivo-matured oocytes. GV, germinal vesicle; pn, pronucleus. membranes (M). In large GV-stage oocytes, Rho distributes almost equally between the cytosol and membranes.
To analyze the subcellular distribution of Rho after in vitro maturation, GV-stage oocytes were incubated in ASW for 24 h, followed by cellular lysis and fractionation using ultracentrifugation. Fig. 1 shows the detection of Rho in the whole homogenate of in vitro-matured oocytes (H), and following fractionation, the membranes display a higher intensity of [ 32 P]ADP-ribosylation when compared to the cytosol. In in vitro-matured oocytes, the subcellular distribution pattern of Rho is similar to that of in vivomatured eggs. These results indicate that Rho is synthesized early in oogenesis and translocates from the cytosol to a membrane compartment during maturation. As for other monomeric G-proteins, Rho requires post-translational geranylgeranylation in order to bind to membranes (Casey and Seabra, 1996) . Thus, it is likely that the membrane association of Rho in oocytes seen here, depends on this modification. Alternatively, the subcellular distribution of Rho may be dictated by the extent of sequestration by one of its accessory proteins, GDI (Ueda et al., 1990; Araki et al., 1990) .
Association of Rho with cortical granules during late oogenesis
Since Rho associates preferentially with the cortical granules of mature eggs (Cuéllar-Mata et al., 2000) , we tested whether Rho binds to these vesicles during oogenesis. To address this question, an ovary section was processed for double immunolabeling using a polyclonal antibody to human RhoA, which recognizes RhoA in mature eggs, and a monoclonal antibody to hyalin, which serves as a cortical granule marker (Berg and Wessel, 1997) . In this assay, secondary antibodies were labeled with Alexa-488 (green) for anti-RhoA and rhodamine (red) for anti-hyalin. In mature eggs, the presence of cortical granules and RhoA (indicated by the arrow) are clearly seen in the cortex (Fig. 2a,b , respectively). In oocytes (Fig. 2b) , some RhoA molecules localize in the cytoplasm, not associated with cortical granules (Fig. 2c) , and others appear bound to cortical granules (d). Fig. 2d also shows that at the GVstage, some cortical granules are free of RhoA. Altogether, these results suggest that RhoA associates gradually with cortical granules during maturation and remains there until after maturation.
Role of Rho in cortical granule translocation and microfilaments
One of the major functions of Rho is to control the organization of the actin cytoskeleton (Hall, 1994; Narumiya et al., 1997) . This function was elucidated by the use of C3 exotoxin from C. botulinum (Chardin et al., 1989; Just et al., 2001 ). This toxin catalyzes the transfer of the ADP-ribose moiety from NAD to an amino acid (Asn41) of the effector region and inhibits its function by preventing interaction with downstream effectors (Sekine et al., 1989) . Recently, it has been reported that cortical granule translocation is mediated by actin microfilaments (Wessel et al., 2002) . Therefore, we studied whether RhoA is involved in this process. To this end, full-sized oocytes were incubated with C3 exotoxin in order to inactivate Rho by ADP-ribosylation and then analyzed cortical granule translocation. We first tested if C3 indeed ADP-ribosylates Rho in vivo. When C3 pretreated oocytes were lysed and assayed for in vitro ADP-ribosylation using [
32 P]NAD and C3, we observed a drastic reduction in the radiolabeling intensity (Fig. 3A , lane 2) as compared with control oocytes (lane 3). In this experiment, eggs were used as a positive control for ADP-ribosylation (lane 1). This observation indicates that C3 is able to enter the oocytes and to ADPribosylate Rho using the intracellular NAD as substrate.
We next incubated the GV-stage oocytes for 24 h in ASW with C3 and analyzed the cortical granule localization by immunolabeling with the antibody to hyalin. Before initiating maturation, control oocytes display the typical morphology with the centrally located germinal vesicle and the cortical granules dispersed throughout the cytoplasm ( Fig. 3B,a) . After 24 h, they have performed GVBD and cortical granule translocation (b). By contrast, the majority of oocytes (80%) pretreated with C3 do not move their cortical granules toward the cortex, even after 24 hincubation, and do not perform GVBD (Fig. 3B,c) . The remainder (20%) of the C3 treated oocytes also do not translocate their cortical granules, but do undergo GVBD (Fig. 3B,d ). Taken together, these observations suggest that Rho participates in the control of cortical granule translocation and this is the first time we have seen a dissociation of GVBD and cortical granule translocation.
To further test if Rho is involved in cortical granule translocation, we also microinjected the C3 exotoxin into oocytes and then quantitated cortical granule location following maturation (Fig. 4) . Sea urchin oocytes will spontaneously mature when placed in culture and currently we have no control over this process. Therefore, cells were included in this assessment only if they displayed a pronucleus-indicative of having completed meiosis. We realize that this criterion will necessarily exclude cells that have been inhibited from GVBD, or are in the process thereof, but these experiments focus strictly on Rho involvement in cortical granule translocation.
Quantitation of cortical granule location was performed as described (Berg and Wessel, 1997) and the results show a significant reduction in translocation capability (Fig. 4) . We note that following maturation of control oocytes, whether in vivo or in vitro, we never see any significant numbers of cortical granules outside of the cortex. This replicates the above observation of a mechanistic separation between meiotic maturation and cortical granule translocation.
We next analyzed the actin microfilaments in the oocytes treated with C3 by staining with fluorescein-conjugated phalloidin (Fig. 3) . Control oocytes show a low level of polymerized actin (e), which increases after in Fig. 3 . Rho inactivation by C3 exotoxin impairs cortical granule translocation. (A) 250 GV-stage oocytes were preincubated for 3 h in seawater with 60 ng/ml C3, followed by lysis and incubation with exotoxin C3 and [ 32 P]NAD for in vitro ADP-ribosylation. In situ ADP-ribosylation is evidenced by the drastic reduction in radiolabeling at 25 kDa (lane 2) whereas oocytes not exposed to the toxin (control) display the typical radiolabeled band corresponding to Rho (lane 3). A positive control of ADP-ribsoylation by C3 is also included, using a lysate from mature eggs (lane 1) (B) oocytes were incubated in seawater with and without C3. After 24 h, samples were processed for cortical granule immunolabeling using an antibody to hyalin. In freshly isolated GV-stage oocytes cortical granules are distributed throught the cytoplasm (a). After 24 h-incubation in seawater, cortical granules move to the cortex (b) and this process is impaired by Rho inactivation using C3 (c); few oocytes treated with C3 apparently performed the GVBD (d), (C) Oocytes were labeled with fluoresceinconjugated phalloidin to analyze the microfilaments. The microfilaments are incipient in GV-oocytes (e) and they increase after 24 h-incubation (f). In C3-treated oocytes, microfilaments do not form (g). Positive phalloidin-staining of an oocyte equivalent to panel d is shown. Bar, 25 mm.
vitro-maturation (f) (Wessel et al., 2002) . Oocytes treated with C3 and incubated for 24 h for maturation display a low level of actin polymerization (g), similar to control GVstage oocytes. Oocytes treated with C3, which perform GVBD but not cortical granule translocation, unexpectedly increase the extent of actin polymerization (h) with respect to the control. Thus, one possible mechanism of Rho in cortical granule translocation is to facilitate the correct organization of microfilaments.
Influence of Rho in the GVBD
Evidence indicates that cortical granule translocation accompanies the GVBD of sea urchin oocytes (Berg and Wessel, 1997) . Because C3 affects cortical granule translocation, we also evaluated the effect of the toxin on GVBD. GV-stage oocytes were cultured for 24 h in the absence (control) and presence of different concentrations of C3 and the presence of the GV or the pronucleus was determined by observation under the microscope. In the absence of C3, about 85% oocytes performed the GVBD (Fig. 5) . However, treatment with the C3 transferase significantly inhibited GVBD, and this effect was dose-dependent. Rho inactivation arrests the oocytes (c) in a stage similar to control GVoocytes (a). Therefore, this result indicates that inactivation of Rho by C3 affects the meiotic maturation of the oocyte.
Protein prenyltransferase activity is important for cortical granule translocation and GVBD
Ras-related proteins must associate with membranes for proper function and this association is mediated by Fig. 4 . Cortical granule translocation is impaired by microinjection of the C3 exoenzyme. Control oocytes (uninjected; a, b) were compared to oocytes injected with 6 ng/ml of either inactive (c, d) or active C3 exoenzyme (e, f). Following 24 h in vitro culture, matured oocytes with a pronucleus (arrow) were fixed and immunolabeled for hyalin, indicative of cortical granules. Immunolabel was quantitated as described (Berg and Wessel, 1997) . posttranslational modifications. The first step of these modifications is the covalent insertion of a farnesyl or geranylgeranyl moiety in the cysteine residue of the carboxyl-terminal motif CAAX, catalyzed by a farnesyltransferase (FTasa) or a geranylgeranyltransferase (GGTasa I) (Casey and Seabra, 1996) . Thus, this lipid insertion is crucial for membrane association of Rho (Armstrong et al., 1995) . GGTI-286 is a cell-permeable compound that acts as a peptidomimetic inhibitor of prenyltransfersases (Lerner et al., 1995) . Full-sized oocytes were incubated under conditions for maturation in the presence of various concentrations of GGTI-286 or with DMSO alone (vehicle) as a control. Fig. 6A shows that this compound blocks the migration of the cortical granules to the cortex (compare c with control b). Fig. 6A (d -f) also shows that GGTI-286 inhibits the GVBD, an effect that is concentration-dependent (Fig. 6B) . Based on [ 32 P]ADPribosylation experiments, we noted that the distribution of Rho changes, with more Rho found in the cytosolic fraction than in the particulate fraction in oocytes treated with GGTI-286 (not shown); however, the overall levels of Rho are drastically reduced by this treatment. Although we cannot exclude the effect of the prenyltransferase inhibitor on other GTPases, these results are consistent with the model that association of Rho with the cortical granules is essential for the meiotic maturation of the oocyte.
Effect of C3 on cortical granule anchoring and cortical granule fusion
Given the role of Rho in cortical granule translocation, we additionally explored whether Rho is necessary for Fig. 6 . The geranylgeranyl transferase inhibitor GGTI-286 inhibits cortical granule translocation and GVBD. A confocal microscopy images of cortical granules labeled with an antibody to hyalin (upper). In the control experiment (a,b), cortical granules translocate to the cell cortex and this movement is impaired by the geranylgeranyl transferase inhibitor (c). Whereas control oocytes perform the germinal vesicle breakdown (d, e), this process is blocked by GGTI-286 (f), (B) The GVBD inhibition by GGTI-286 is concentration-dependent.
anchoring the vesicles in the subplasmalemmal region. For this purpose we used in vivo-matured eggs obtained by inducing spawning with 0.5 M KCl. Eggs were incubated for 1 h in ASW without (control) or with C3 transferase.
As a positive control for cortical granule detachment, eggs were alkalinized intracellularly with NH 4 Cl (Begg et al., 1996) . Cortical granule localization was then assessed by immunolabeling with anti-hyalin. In eggs treated with C3 ( Fig. 7) the cortical granules remain in the cortex (b), showing a distribution pattern identical to untreated, control eggs (a). In this experiment, we found that, as above, C3 ADP-ribosylates Rho in situ (not shown). Notice that in NH 4 Cl-treated-eggs the cortical granules are effectively removed from the cortex (c). Moreover, C3-treated eggs are able to perform cortical granule exocytosis (Fig. 7B,b) whereas NH 4 Cl-treated eggs are not (Fig. 7B,c) . These results suggest that Rho does not control cortical granule anchoring nor participate in the cortical granule fusion at fertilization.
Discussion
Cortical granules of most animals translocate to the cortex of the oocyte during meiotic maturation. Following sperm contact, cortical granules exocytose their contents into the perivitelline space, protecting the fertilized egg against polyspermy. The mechanisms underlying cortical granule translocation are unknown but the evidence obtained in oocytes from sea urchins (Berg and Wessel, 1997; Wessel et al., 2002) , starfish (Santella et al., 1999) and mouse (Connors et al., 1998 ) suggest a conserved, actinbased process.
A major function of the small G-protein, Rho, revealed in recent years in mammalian and fungal cells is in coordinating microfilaments for vesicle trafficking (for review see Ridley, 2001; Symons and Rusk, 2003) . Although its mechanisms are unknown, we tested the hypothesis that Rho proteins are involved in cortical granule translocation in sea urchin oocytes. This vesicle movement is massive: 15,000 cortical granules, each of over 1 m in diameter, move up to 60 m within a four-hour period (Berg and Wessel, 1997) . We found here that Rho is a key element in this process, and that it does so not by binding to the plasma membrane and directing microfilament orientation for the cortical granules. Rather, the oocyte Rho associates with cortical granules just prior to translocation. This result prompted us to propose a new model for this process (Fig. 8) . In this model, Rho is synthesized during oogenesis and is dispersed throughout the cytoplasm in an inactive state, likely through the sequestering action of GDI. These inhibitors function by binding the Rho protein through its isoprenoid moiety. Upon initiation of meiotic maturation, Rho is activated by first dissociating from GDI, and then exchanging GDP for GTP, stimulated by a GEF. Aided by its isoprenyl group, Rho is then recruited onto the cortical granules where it remains in an active, GTP-bound state. We do not currently know how the Rho proteins are targeted to cortical granules specifically, but it is well established that a hypervariable region upstream of the C-terminus of Rho GTPases is a key determinant for membrane targeting (Michaelson et al., 2001) . Once in the cortical granule membrane, the GTP-bound form of Rho interacts with a downstream target to stimulate formation of, and tethering to, microfilaments. Among the multiple potential Rho effectors for this process are the Rho-activated serine/ threonine kinase, ROCK, and Diaphanus-related proteins, Dia (Takai et al., 2001) .
Recent studies have demonstrated that Rab proteins help the recruitment of the motor protein myosin V to vesicles in a variety of cellular types (for review see Titus, 1997; Langford, 2002) . Myosin V, in turn, allows interaction of vesicles with microfilaments. Previous work has demonstrated that Rab3, a Ras-like protein, also associates with cortical granules of the sea urchin oocyte and has been suggested to regulate their transit to the cell periphery (Conner and Wessel, 1998) . Interestingly Rab3 appears to associate with cortical granules throughout oogenesis, and remain there during vesicle transport and docking. However Rho associates selectively with the cortical granules late in oogenesis and perhaps relies on the preexisting Rab3 for this association.
Rho may also control the movement of vesicles directly. This function is suggested by genetic evidence in the yeast, Saccharomyces cerevisiae, where Rho3 appears to target secretory vesicles to the bud site directing via its effector Myo2 (Robinson et al., 1999) , a member of class V myosin family. In this cell, Rho3 has been proposed to function in two separate steps: maintenance of microfilaments and vectorial transport of vesicles. We do not know yet in oocytes if Rho participates in either of these processes, or by a yet unknown mechanism.
Cortical granule translocation in sea urchins is followed by docking to, and eventually fusing with the plasma membrane. Our results indicate that both events are independent of Rho function: cortical granules of mature eggs remain firmly attached to the cytoplasmic face of the plasma membrane following pretreatment with C3 exotoxin and their fusion triggered by sperm is unaffected. Instead, a different small GTPase associated with cortical granules, Rab3, appears to control an essential step in the fusion process (Conner and Wessel, 1998) .
Oocyte maturation begins with movement of the germinal vesicle to an asymmetric position, followed by germinal vesicle breakdown. This process is tightly linked to cortical granule translocation (Wessel et al., 2002) , perhaps through activation of the cyclin dependent kinase, cdk1 (Voronina et al., 2003) , or from an earlier signal transduction process involving members of the heterotrimeric G-proteins (Voronina and Wessel, submitted) . We note that C3 exotoxin treatment prevented both germinal vesicle movement and the subsequent GVBD process, so we conclude that Rho inactivation impedes adequate formation of the microfilaments required for more than just cortical granule translocation. Actin filaments are also present within the germinal vesicle (Wessel et al., 2002) , though this also appears to be a Rho-independent process based on the lack of Rho within the germinal vesicle. In mouse eggs, Rho is involved in the cytoskeletal changes required for emission of the second polar body and cleavage but is not required for cortical granule exocytosis or pronucleus formation (Moore et al., 1994) . A similar finding has been reported in oocytes of Xenopus laevis (Cheon et al., 2000) . Surprisingly, microinjection of C3 into the sea urchin oocyte did not have the same GVBD-phenotype. This may reflect a difference in the exposure dynamics; the incubation protocol provides prolonged exposure to C3 whereas microinjection is a bolus delivery enabling the cell to recover with new Rho synthesis. Alternatively, it may reflect a difference in the meiotic mechanisms, especially since sea urchin oocytes complete meiosis prior to fertilization, whereas frog and mammalian oocytes are stalled in this process, to be reinitiated by fertilization. Based on evidence presented here, we conclude that Rho function in the sea urchin oocyte is focused in regulating cortical granule translocation by maintaining the correct formation of microfilaments. Our next goal is to identify its effectors in this process.
Experimental procedures
4.1. Materials The compound GGTI-286 was from Calbiochem (La Jolla, CA). Rabbit polyclonal antibody against human RhoA was obtained from Santa Cruz Biotechnology (Santa Cruz, CA) and monoclonal antibody made to hyalin was used as described . Alexa-conjugated antirabbit IgG and Cy3-conjugated anti-mouse IgG were obtained from Jackson ImmunoResearch Laboratories (West Grove, PA). Reagents for polyacrylamide gel electrophoresis were from BioRad Laboratories (Hercules, CA). All other reagents were obtained from Sigma Chemical Company (St Louis, MO).
Animals and oocyte handling
Adult sea urchins (Strongylocentrotus purpuratus and Lytechinus pictus) were collected from Pamanes (Ensenada, Baja California, México) and were maintained in an aquarium at 12 8C and Lytechinus variegatus was obtained from the Duke Marine Laboratory Beaufort NC, and maintained at 18 8C. Spawning was induced by an intracelomic injection of 0.5 M KCl. Eggs were collected by inverting the female over a beaker with artificial seawater (ASW: 435 mM NaCl, 40 mM MgCl 2 , 15 mM MgSO 4 , 11 mM CaCl 2 , 10 mM KCl, 1 mM EDTA, 10 mM Hepes, at pH 8.0). Oocytes were handled as described by Berg and Wessel (1997) . In brief, ovaries were removed and minced in Ca 2þ -free sea water (as ASW but without CaCl 2 ). Following removal of large ovarian fragments by settling, the supernatant containing oocytes and somatic cells was transferred by pippet to ASW containing 100 mg/ml ampicillin. Pre-meiotic oocytes and germinal vesicle (GV)-stage oocytes were isolated using a mouth pippet.
Cell fractionation and ADP-ribosylation by C3
Whole homogenates of pre-meiotic oocytes, GV-stage oocytes, in vitro-matured oocytes or in vivo-matured eggs (positive control) were resuspended in lysis buffer (20 mM HEPES, 1 mM EDTA, 5 mg/ml antipain and 0.5 mM PMSF), subjected to several freeze/thaw cycles, followed by homogenization with a tight fitting Teflon pestle. Where indicated, membranes and cytosol were obtained by ultracentrifugation of the whole homogenates ð100; 000 g for 60 min, 4 8C). All cellular fractions were stored at 2 70 8C until use.
To detect Rho, whole homogenates or the respective cytosolic and membrane fractions were assayed for in vitro [ 32 P]ADP-ribosylation catalyzed by the C3 transferase from C. botulinum C3. A typical assay was as follows: the reaction mixture (80 ml) contained 50 mM Tris -HCl (pH 7.4), 2 mM MgCl 2 , 1 mM ATP, 2 mM NAD, 1 mM DTT, 1 mM EDTA, 0.5 mCi [ 32 P]NAD, 15 ng of C3 and 15 -30 mg of cellular protein or, where indicated, the lysate of 250 oocytes. After incubation for 60 min at 15 8C, samples were processed for either SDS-polyacrylamide gel electrophoresis or two-dimensional gel electrophoresis. [ 32 P]ADP-ribosylation was revealed by autoradiography.
To in situ ADP-ribosylate Rho, 250 GV-stage oocytes were incubated in 100 ml ASW with C3 for the indicated times and concentrations, followed by cortical granule immunolabeling and GVBD determination, as described below. Control cells were as above but omitting C3 in the medium.To verify in vivo ADP-ribosylation, C3-treated oocytes were lysed and assayed for in vitro [
32 P]ADPribosylation by C3 as described. Control oocytes, not preincubated with C3, were processed identically.
Immunofluorescence microscopy
The association of Rho with the cortical granules was assessed by double immunolabeling with antibodies to RhoA and to hyalin as described (Berg and Wessel, 1997) . Sections (2 -8 mm) were rehydrated in phosphate-buffered saline containing 0.05% Tween-20 (PBST) and incubated for 1 h with anti-hyalin (dilution 1:50), washed with PBST to remove unbound antibody and then incubated with rhodamine anti-mouse IgG (1:20) for 1 h. After washing, the section was processed for immunolabeling with antiRhoA (1:20) and Alexa 488-conjugated anti-rabbit (1:500) as secondary antibody. Fluorescence was examined with a Zeiss Axioplan microscope equipped for epifluorescence. Digital images were analyzed using Adobe Photoshop software.
To test the effect of C3 on cortical granule translocation and on the actin cytoskeleton, full-sized oocytes were isolated from a minced ovary and individually placed in a microtiter plate well. Unless otherwise stated, in each condition we used 20 -30 oocytes and the experiment was repeated at least three times using different animals. Thereafter, oocytes were fixed with 4% paraformaldehyde in ASW for 8-12 h, washed with ASW and finally permeabilized overnight with 1% Triton X 2 100. Cortical granules were immunolabeled with the antibody to hyalin (1:50 in ASW), washed and immunoreactivity revealed with Cy3-conjugated anti-mouse IgG (1:500 dilution). The actin cytoskeleton was stained with FITC-phalloidin as described (Wessel et al., 2002) . The same protocol was used to analyze the effect of the protein prenyltransferase inhibitor GGTI-286. Confocal images were obtained with a MCR 1024 Bio-Rad laser scanning system equipped with an Ar Kr/Ar air-cooled laser attached to an inverted Nikon TMD 300 microscope. Confocal images were processed and converted to TIFF format with Todd Clark's Program Confocal Assistant 4.2.
Analysis of C3 effects on cortical granule anchoring in mature eggs and cortical granule fusion at fertilization
To analyze the effect of Rho inactivation by C3 on cortical granule anchoring, in vivo-matured eggs were incubated for 1 h at 16 8C in 100 ml ASW containing 0.1 mg C3, folowed by fixation with 4% paraformaldehyde. Control eggs were without exposing to C3. A control for cortical granule displacement was by incubating the eggs 10 min in ASW with 40 mM NH 4 Cl (Begg et al., 1996) ; both aliquots were fixed at the end of their respective incubations with 4% paraformaldehyde. Eggs of each condition were processed for cortical granule immunolabeling with anti-hyalin.
To study the effect of C3 on cortical granule fusion at fertilization, mature eggs were preincubated in ASW with C3 for 30 min followed by the addition of sperm. Control eggs were without C3 preincubation. Other controls consisted of preincubating the eggs with 40 mM NH 4 Cl. Five min after sperm addition the percentage of eggs showing the fertilization membrane was recorded.
Microinjection procedures
Microinjection of C3 exoenzyme into oocytes was performed as described (Voronina et al., 2003) using a final C3 concentration in the oocyte of 6 ng/ml. Significantly higher concentration of the enzyme (60 ng/ml) was lethal to the oocyte when introduced as a bolus injection, as opposed to the gradual uptake by oocytes during prolonged incubation, and we can not exclude the possibility of adverse buffer effects on the oocyte during microinjection. Oocytes were then incubated for 24 h and those that matured in vitro, as evidenced by a pronucleus, were fixed, immunolabeled with anti-hyalin, and the cortical granule location quantitated as described (Berg and Wessel, 1997) .
